This paper introduces a novel electronic system for simplex low-bitrate infra-red (IR) communication applications. The transmitter is implemented completely by analog building blocks, formed with the help of a recently fabricated chip that includes active elements allowing various modular interconnections. For the design of this chip, the ON Semiconductor C035 0.35µm I3T25 technology was chosen due to the trade-off between cost, efficiency and obtainable parameters. The designed transmitter operates as a voltageto-duty cycle converter, using pulse width modulation that causes ON/OFF keying of the carrier signal for infra-red (IR) diode. The duty cycle variable between 7% and 83% is modulated by the input voltage (in the range of ±0.8 V) of the transmitter. The use case of the proposed concept in the measurement of illuminance within the range of 30 lx and 550 lx is also presented. The quality of the transmission was evaluated as the error between the transmitted and received values of the duty cycle (kept mostly below 10 %). The maximal power consumption of the transmitter reaches 180 mW.
I. INTRODUCTION
In the field of satellite [1] , optical [2] and terrestrial communication systems [2] - [4] , achieving a reliable connection over long distances and overcoming high signal attenuation are among the main requirements in the planning of these wireless communication links. Such systems can be complex and expensive. Research in the field of remote signal sensing focuses mainly on signal processing [5] , automation and optimization of the measurement [6] rather than on hardware and circuit design [7] . High amount of transferred data and high bitrates (Mbps, Gbps) are quite common for these systems. Depending on the particular system (e.g. satellite, mobile, optical), the power required for the transmitter can reach very high values leading to substantial high power consumption (from tens to hundreds of Watts or even more) [1] - [4] . However, in small areas and closed environments, simpler solutions can be applied.
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In such use cases, a short distance communication link with low bitrate (kbps) as well as low power consumption (less than 1 W) is sufficient and it is usually a better solution than the standard discrete one (usually requiring more than 1 W). Short-range infra-red (IR) communication systems [8] can utilize various modulation techniques [9] - [11] . Digital pulse interval modulation (DPIM) is one of the most frequently used modulations for optical communications [12] . However, the IR technology does not serve only communication purposes. Also biomedical applications are well known, noninvasive glucose monitoring, for instance [13] .
In this paper, the design of a simple circuitry optimized for sensing and remote transmission of information about the illuminance (with value represented in hundreds of lux [14] ) for indoor use cases is presented. Its usage in the field of small-area agriculture and vegetation observation is considered.
Of course, many plants require natural sunlight for their healthy growth and, therefore, monitoring and/or control systems are required for indoor scenarios. However, different plants require different amount of sunlight with different intensity in order to grow optimally [15] . Therefore, it is useful to measure and control this quantity, especially for high quality cultivation of plants, for instance in aquariums or in case of any kind of shading system in general. Information about the intensity of light (in the form of illuminance derived from the duty cycle in studied case) can be transmitted to any place in near neighborhood. Some aquarium boxes using own source of light may utilize this information also for control purposes. The transmitter can be supplied from the power line used to control the aquarium climate (heating/cooling/humidity). The receiver, based on an IR remote control system, can be designed as a portable box supplied by batteries.
This work targets mainly the design of the electronic circuit suitable to operate as an IR communication system and our goals are as follows: 1) to design a simple system for simplex low-bitrate IR communication based on the pulse width modulation (PWM) [11] , 2) to process the sensed signals having amplitude up to ±500 mV correctly. Linear voltage processing is limited due to the very low power supply voltage of the active elements (±1.65 V), 3) to design a compact and simple transmitter using recently introduced CMOS integrated building blocks [16] because of its low complexity and power consumption and, 4) to realize measurements in real environment (plant aquarium in our case) in order to verify functionality of the proposed concept.
The proposed transmitter (later introduced in detail) can be also designed with discrete off-the shelf elements (requiring at least six commercially available IC packages). A comparison of the discrete and the designed solution is presented in Table 1 . The number of IC packages, power supply voltage and power consumption are the main differences between our solution and the discrete one.
The rest of this paper is organized as follows: Section II introduces the proposed concept of the designed IR communication system and explains principles of all blocks in detail. The complete topology of the transmitter is presented and described in Section III. Experimental results of the verification of the pulse width modulator (a part of the transmitter), and simplex transmission (waveforms in the system and at the receiver side), when trial DC input voltage is used as a replacement of sensed signal, are presented in Section IV. Section V introduces a practical application of the proposed system in case of measurement and transmission of the value of illuminance.
The proposed concept as well as comparison of its features with similar solutions are presented in Section VI. The paper is concluded in Section VII. Appendix supplements this work by a brief explanation of the principles of relevant active elements (AEs) required for the design of the system.
II. PROPOSED TRANSMITTER
Topology of the system forming the IR communication chain is shown in Fig. 1 . The system consists of five key parts serving the following purposes: a) accurate carrier signal generator -generation of the carrier voltage v carrier with the stable frequency of 32.765 kHz (f c ), b) ramp (triangular) generator -generation of the ramp (triangular) signal v tr for PWM, c) comparator -providing the result of coincidence of v tr and slowly changing input voltage v IN_sens from various sensor sources (readouts), d) voltage multiplier -multiplication of v carrier and PWM signal v PWM (t). It provides ON/OFF keying based on the width of the modulated PWM wave, to obtain the signal v tran for transmission, and e) voltage buffer and current source -for proper IR diode biasing. Each functional block of the proposed IR communication system will be presented in detail in the following subsections.
The transmitter uses building blocks, which are based on AEs fabricated recently in 0.35 µm I3T25 ON Semiconductor technology. More details about these AEs can be found in [16] . A current controlled current conveyor of second generation (CCCII), two analog multipliers (MLTs) of two differential input voltages providing output product in the form of current (marked as CMOS MLT and BJT MLT) and a voltage differential difference buffer (VDDB) were used. A brief description of the principles of all these AEs is available in Appendix . Outputs from real measurements of individual parts and also from the whole system can be found in Sections III and IV, respectively.
A. ACCURATE QUARTZ-BASED GENERATOR PROVIDING CARRIER WAVE SIGNAL
In order to achieve a proper light transmission at the expected wavelength of 940 nm, the TSAL6100 [17] IR diode with the bias current alternating with the repeating frequency of 32.765 kHz was used. Very stable and accurate carrier frequency is required by the chosen type of the IR remote receiver (TSOP1733 [18] ) because its sensitivity is the highest at this particular frequency. The circuitry of the carrier signal generator (see Fig. 2 ) employs a quartz (with f carrier = 32.765 kHz) and a CCCII element in order to realize the voltage-limiting amplifier having saturated output. The value of the resistance visible at the Z+ terminal is theoretically going to infinity (R Z+ → ∞). Therefore, the overall theoretical gain of the loop is R Z+ /R 1 → ∞. The bias current of the CCCII (I B1 = 100 µA) is set to reach a tradeoff between request of low value of the internal resistance of the X terminal R X ∼ = 500 [16] and the expected power consumption. The quartz is connected between the Z+ output terminal and the Y voltage input together with the grounded R 2 resistor in order to create an equivalent of RLC frequency selective feedback. This positive feedback leads to square wave oscillations. The stability of the frequency is preferred over other features of this block (there is no need for an exact shape of the generated waveform).
B. RAMP GENERATOR FOR PWM MODULATOR
A completely resistor-less generator of ramp (triangular) signal for PWM modulation uses a very simple connection of CCCII and MLT active elements (see Fig. 3 ). CCCII was used to create an integrator providing control of its time constant by adjusting the R X (I B current) and the Schmitt trigger by a simple OTA element (widely used in many standard solutions [19] ). The threshold voltage level of this trigger is defined as:
where V TR and V SQ are the amplitudes of the triangular and square waves, respectively. The change of the voltage across the capacitor C can be expressed as:
where v C = 2V TR is the change of the voltage in the halfperiod of the triangular wave, and I Cmax is given by I B2 and VOLUME 8, 2020 the current gain of the internal CMOS mirror [16] as: I Cmax = 10· I B2 . After substitution and rearrangements of previous expressions, the ideal form of the repeating frequency of this ramp generator can be expressed as:
(3)
C. COMPARATOR FOR PWM MODULATOR
The comparator of the PWM modulator (see Fig. 4 ) includes BJT MLT, which has the transconductance set to a very low but nonzero value in order to cancel the DC offset and the asymmetry of the pair of voltage inputs X 1 , X 2 . Theoretically, this controlled current source has an infinite output resistance (R p → ∞) without load. Thereby, the output level automatically reaches saturation (almost ±1.65 V) even for small value of g m (operation of the MLT is identical as in Fig. 3 ). When the output voltage is outside the range of ±500 mV, nonlinearity of the OTA (i.e. MLT) causes slight slope degradation. Therefore, in studied case, the design of linearly operating system assumes limits of ± 500 mV. In order to improve the quality of the shape of generated square wave, an additional voltage buffer-doubler based on VDDB is added (see Fig. 4 ). It brings a faster reaction to the input changes (there is an improved shape of the edge of rise time and fall time due to the ''gain'' = 2). The change of the output state (v PWM ) occurs when V IN_sens and v tr are equal. It is clear that V IN_sens provides the setting of the threshold. The limit of the threshold voltage (V IN_sens ) was found as ±1 V and it is given by the features of the MLT element [16] .
D. MULTIPLICATION OF CARRIER WAVE AND PWM SIGNAL
The core of this part, depicted in Fig. 5 , is quite simple. A single multiplier ensures multiplication of the carrier and PWM signals as well as the DC level shifting in order to obtain required polarity and also duty cycle control. The V Y2 is set to +1.65 V (V DD ), therefore, v tran is generated only when v PWM reaches negative polarity. Otherwise, the v tran voltage is close to zero. This setting must be applied for the proper signal processing in the TSOP1733 receiver, where GND (0 V) in TTL represents the active level. The receiver continuously provides +5 V output when there is no input signal (in expected range of wavelengths).
E. BUFFER AND CURRENT SOURCE
This block ensures the conversion of the signal produced by forthcoming blocks in order to source the IR diode (current driving). The voltage buffer can be implemented by the VDDB device (see Fig. 6 ). The current source operates as a BJT switch (with PNP BC557A BJT transistor [20] ) controlled from the buffer and supplied from the source providing +1.65 V (V DD ). Resistors R g and R h are set properly in order to protect the BJT and the buffer outputs, and to limit the maximal drain current.
F. IR RECEIVER
The well-known compact TSOP1733 IR receiver [18] is optimized for the wavelength of 940 nm and integrates all important blocks for the signal processing in a single package (see Fig. 7 ). The output terminal provides TTL (+5 V or 0 V) with the zero level considered as active. The TSOP1733 belongs to the family of miniaturized receivers of IR remote control systems using PCM modulation [10] . It supports very slow data communication (data rates up to 2.4 kbps) sufficient for studied case. In this receiver, the photodiode with a large and neutrally doped intrinsic region (PIN) serves as the photosensor.
III. COMPLETE TOPOLOGY OF THE TRANSMITTER
The complete circuitry of the proposed IR transmitter is shown in Fig. 8 . The design specifications are as follows.
The carrier wave (f carrier ) of 32.765 kHz is given by a quartz (Q) oscillator, important for proper functionality of the IR receiver. This passive element directly determines the f carrier having a very stable value that is almost independent of external influences (temperature, supply voltage fluctuations, 
etc.
). An example of the generated carrier waveform is depicted in Fig. 9 .
The ramp wave generator uses a simple circuitry without special demands on the accuracy of the repeating frequency. Thereby, the standard approach using charging of a capacitor (with C = 100 nF) is sufficient. In the Schmitt trigger part of the circuitry (see Fig. 8 ), the transconductance of the operational transconductance amplifier (OTA) has the value of g m ∼ = 1.3 mS obtained by V set_gm = 1 V. The bias current I B2 serves for the adjustment of the repeating frequency between 120 Hz and 1.76 kHz (obtained by I B = 5 µ A → 50 µA). Note that the frequency of the modulation signal (f PWM ) must be several-times lower than the f carrier . Therefore, the design of the ramp generator operating in hundreds of Hz is intentional. When V SQ reaching almost the saturation level is considered (v sq ∼ = 1.65 V and V TR /V SQ ≈ 2/3) and f ramp = 1 kHz, then I B2 calculated from (3) is 44 µA. Note that in the case of real measurement, frequency f ramp = 1 kHz was obtained for slightly different bias current (I B2 = 40 µA).
The design of the comparator without hysteresis for PWM generation is an easy task. The change of the state at output (the voltage gain reaches very high valuesg m · R P = g m · ∞ → ∞ in ideal case) occurs when the difference of input voltages is close to zero. The DC voltage of 60 mV was set at the second differential pair of inputs (Y 1 , Y 2 ) in order to achieve a particular small value of g m as well as for compensation of small asymmetry.
The multiplier block in the core of the transmitter operates very simply. The DC offset of +1.65 V at the input Y 2 of the multiplier shifts the whole result of subtraction to negative polarity only (signal between 0 and −1.65 V). Thereby, the result of the multiplication of the signal at X 1 and the difference between Y 1,2 inputs, described as v tran = v carrier · (v PWM -1.65), is represented as the current flowing from the Z output of MLT. This current is transformed to voltage by R f = 4.7 k . This value was selected for transformation of the expected currents in hundreds of µA to voltage drops in hundreds of mV. The illustration of the operation of this block is shown in Fig. 10 .
The voltage buffer using the VDDB and the current source using a BJT transistor form the last part (output drive) of the transmitter. Based on the nomogram in [17] , for forward diode current I D = 10 mA, the forward voltage V D reaches approximately 1.2 V. In case of collector currents reaching tens of mA, the saturation voltage of the used BJT BC557 is V CEsat ∼ = 0.3 V as noted in [20] . The output drive branch, including an IR diode, uses an asymmetrical power supply of 0 and +1.65 V. Hence, the value of the resistor in the collector can be calculated as R h ∼ = (V DD -V D -V CEsat )/I D ∼ = (1.65 -1.2 -0.3)/10· 10 −3 ∼ = 15 . In the state of transmitting, the value of the static current I D ≈ 12 mA was measured.
The CMOS voltage buffer (formed by the VDDB) is not able to supply very low loads in the range of units to tens of Ohms. Therefore, the resistor R g = 10 k in the base of the transistor is used to limit the I BASE current (100 µA). Chosen setting falls into the save operational range of the voltage buffer. Moreover, the base-emitter saturation voltage (V BEsat = 0.7 V) [20] and the maximal voltage v tran = 1.65 V of the VDDB (positive polarity considered) are also known. Hence, its calculation is very simple: R g ∼ = (V DD -V BEsat )/I BASE ∼ = (1.65 -0.7)/100· 10 −6 ∼ = 10 k (values rounded to fabrication series).
IV. EXPERIMENTAL TESTS
Functionality of the proposed circuitry is verified in two steps. First step focuses on the generation of the PWM (i.e. on these modules: ramp wave generator and comparator). In the second step, attention is given to the analysis of the whole communication chain (transmitter and receiver) when either a simple signal or the real-scenario information is transmitted. 
B. WHOLE CHAIN: TRANSMITTING AND RECEIVING
The complete communication chain (see Fig. 1 ) was tested by lab measurements. The operating range of V IN_sens between −1 V and +1 V was found (slightly higher than the expected range of ±0.8 V). However, the TSOP1733 IR receiver has limited reaction on the duty cycle variation (approximately from 40% up to 80%) as it is indicated in Fig. 12 . Therefore, a Fig. 12(a) . The low values of the error of the duty cycle between the transmitted and received values (see Fig. 12(b) ) indicate a very good mutual correspondence for values D PWM/rec > 40% (the error is not exceeding 11%). The time delay caused by the signal processing at the receiver side is shown in Fig. 13 . The value of the delay fluctuates around 230 µs, which is insignificant for low-bitrate communication.
Signals transmitted and received in the time domain for selected values of V INsens (−0.8 V, −0.4 V, 0 V and +0.4 V) are depicted in Fig. 14 to Fig. 17 .
The results indicate that the frequency of the modulation signal f PWM at the receiver side was precisely restored (f rec also reaches the value of 1 kHz). The distance between the transmitter and the receiver was fixed to 20 cm in chosen measurement setup, which is sufficient for the transmission through a glass window of a plant aquarium. This distance can be extended up to several meters when different setting of the IR diode is chosen (increased supply voltage and current).
V. EXEMPLARY TEST OF THE WHOLE SYSTEM IN REAL ENVIRONMENT
The previous section focused on the general verification of the proposed concept, where V IN_sens was supplied from a DC source in order to evaluate the performance of the system. However, usefulness of such a complex circuit should also be proven in practical use cases and in real environment. Transmission of information about illuminance from an aquarium for cultivation of exotic flowers, for instance plants [see Fig.  18 (a) ], represents a perfect practical utilization of the proposed devices (transmitter and receiver). Sensor based on the photoresistor LDR5516 [21] was used. It was connected to the system in order to provide the V IN_sens voltage dependent on the current value of the illuminance as shown in Fig. 18 (b) . Here, the supply voltage of ±1.65 V was used. The lux-meter PU150 served for the measurement of the illuminance. The measurement was performed in the range from 30 lx up to 550 lx. The duty cycle D PWM was varied by these values of illuminance in the range from 15% up to 90% while the received D rec was sensed in range from 27% up to 88% (see Fig. 19(a) ). The error between both curves (''dependence'' of transmitted and received duty cycles on illuminance), where D PWM is the reference, is shown in Fig. 19(b) . The results indicate D error below 10% for illuminance higher than 40 lx. As it was already discussed, such an error is caused by the limitation of the IR receiver [18] for low values of the duty cycle. The system can be extended with a regulation loop to control the light intensity, see Fig. 18(a) , as a control branch from the receiver to the source of the light. It is not a part of this design. 
VI. COMPARISON OF THE PROPOSED CONCEPT WITH SIMILAR APPLICATIONS UTILIZING IR TRANSMISSION
Special AEs are widely utilized for construction of building blocks used in complex communication systems as shown in [22] , for instance. The examples of practical applications (transmission of a physical quantity) of the IR communication-based systems are compared with newly proposed concept presented in this paper. However, application fields, where these systems are used, are different. Therefore, also different performances of these systems are required. The IR communication can be also useful as a way of nongalvanic feedback for power devices (motors working with PWM [23] ), remote control systems for temperature and air conditioning purposes [24] or robust and highly reliable transmission of complex data from sensors (e.g. vital signs in medical applications) [25] . The IR concept serves beneficially also for security and counting purposes (gate/alarm) as well as for visualization of objects [26] . The general purpose and features of the designed system and the relevant examples in selected application fields are compared in Table 2 . Note that the IR communication can be used for indoor communication [27] , [28] with various sophisticated modulations and processing techniques (see [27] ).
Five solutions were identified in literature which can (after certain modifications) use IR or visible light spectrum for remote/wireless communication for the same purpose as proposed in this paper (measurement of illuminance and short-range transmission of the information).
Their comparison is presented in Table 3 . One of the main differences between the designed concept and the other designs is in the complexity. The other identified solutions require a digital part, a clock, and/or several different levels of voltage supply for the tasks similar to our use case. Studied IR transmitter operates with a single supply voltage. The measurement of illuminance and data transmission with systems presented in [29] - [33] also requires an analog to digital converter (ADC) block. This requirement brings additional discrete device or block in the form of DSP, FPGA chip, or similar.
The designed solution does not use an ADC in the transmitter front-end as well as digital-to-analog conversion (DAC) in the receiver neither any special and complex modulation technique. Moreover, compared to [29] - [33] , additional software is not necessary. Therefore, costs are as low as possible. There are interesting systems for IR communication using PWM or similar advanced methods. However, their HW [29] , [33] or SW [31] - [33] complexity is higher than in case of analog concept presented in this paper. Next, they are optimized for other purposes (general data transmission) than the designed IR communication system. The trade-off between the performance and the effectivity is not very good in these cases. Beside the solutions with large operating distances [30] , [32] , [33] , the concepts most suitable for studied purpose [29] , [31] have significant drawbacks: a high number of used IC packages [29] , necessity of a digital part and SW programming [29] , [30] and a high number of functional SW blocks (requirements on the HW performance of the digital system) [31] - [33] . Consequently, the designed solution fits very well the intended purposes (direct measurement and transmission of illuminance and low power consumption) and signal transmission over short distances.
VII. CONCLUSION
In this paper, novel concept of IR remote transmission system using PWM and ON/OFF keying was presented. The system is designed to process either slowly changing signals or data with low bitrate. The whole system is analog only. The majority of active elements required for the proposed concept was realized using AEs developed recently in I3T 0.35 µm CMOS process [16] . The input information (voltage) is processed and transferred in the form of the duty cycle change, which is the key feature of the used IR PCM remote receiver. The designed transmitter (see Fig. 1 ) is capable of duty cycle variation from 7% up to 83%. Off-the-shelf IR receiver is declared to sense properly the duty cycle between 40% and 80% (see Fig. 9 in [18] ), which is sufficient for the designed application.
Nevertheless, performed laboratory experiments detected the usable range between 27% and 82%. For the most significant part of the considered operational range, the error between the received and transmitted duty cycles reaches maximally 11%. The sensing of illuminance represents one practical application of the proposed concept. The photoresistor-based readout served as the source of input data for the transmitter. Measurement of illuminance was tested for values from 30 lx to 550 lx.
The transmitter provided a waveform with the duty cycle between 15% and 90% whereas; receiver evaluated the duty cycle in the range from 27% to 88%. The error between the transmitted and received values in the declared range of operation (between 40% and 80% duty cycle of the IR receiver) is less than 10%. The power consumption of the TSOP1733 IR receiver reaches 50 mW (5 V, 10 mA). The power consumption of the whole transmitter (including the IR diode) reaches approximately 150 mW (average), maximally 180 mW in the case of using the illuminance sensor. Laboratory tests confirmed expected features as well as applicability of the proposed device.
Compact IR transmitter for agriculture and vegetation applications was designed that can be also used for other lowcost and low-speed use cases. Its functionality was verified by several experimental measurements. The main contributions of the designed concept are as follows:
1) When compared with more complex solutions requiring digital parts [29] - [33] , a very simple analog solution for transmission of analog quantity as well as low-bitrate data transfer in the form of the duty cycle variation driving IR LED was proposed and realized, 2) In comparison with discrete analog solutions (see Table 1 ), proposed concept simplifies the construction of the IR transmitter. Thanks to CMOS integrated building blocks developed recently [16] , the number of discrete IC packages is reduced, 3) Unlike the standard way of design with commercially available active devices as well as digital-based solutions (DSP, FPGA, microcontrollers), the presented concept, in the case of serial fabrication of the transmitter (single IC), reduces cost and also power consumption, when operating. 4) The proposed IR communication system needs no additional analog-to-digital conversion -analog signal from the photoresistor is processed directly. The presented concept is operational and based on wellknown active parts. However, the design is novel in the usage of specific building blocks, in selected topologies, and their mutual interconnection. To the best of authors' knowledge, a similarly working analog system using easily integrable analog blocks for illuminance sensing and wireless optic transmission has not been reported so far.
APPENDIX
The proposed IR transmitter uses developed active elements available as AEs integrated on chip (single package) in 0.35 µm ON Semiconductor CMOS process I3T25 (3.3 V) [16] . Each package includes a multiplier (MLT) in CMOS and BJT version abbreviated as CMOS MLT and BJT MLT (Fig. A(a) ). Both devices have identical transfer function: I Z = (V X1 − V X2 )· (V Y1 − V Y2 )· k. The most important difference for the processed signals and considered frequency range, used in this work, is the value of the transconductance constant (k ∼ = 1.3 mA/V 2 for CMOS version and k ∼ = 4.9 mA/V 2 for BJT type) [16] .
The behavior of current controlled current conveyor of second generation (CCCII) is defined by: I Y = 0, V X = V Y + R X I X , where I X is the current flowing through X terminal and I Z4 = I Z3 = -I Z2 = -I Z1 = I X . Note that the unused current outputs are grounded directly. The input resistance R X can be adjusted by the bias I B current in accordance with the relation: R X = 20· I −0.8
B
. The value of R X can be adjusted between low hundreds and thousands of Ohms [16] . The voltage differencing difference buffer (VDDB) serves for addition and subtraction of voltages: V W = V Y1 -V Y2 + V Y3 and offers a low impedance W output [16] .
